The kilometer-scale ground based gravitational wave (GW) detectors, LIGO and Virgo, are being upgraded to their advanced configurations. We expect the two LIGO observatories to undertake a 3 month science run in 2015 with a limited sensitivity. Virgo should come online in 2016, and join LIGO for a 6 month science run. Through a sequence of science runs and commissioning periods, the final sensitivity should be reached by ∼ 2019. LIGO and Virgo are expected to deliver the first direct detection of gravitational wave transients in the next few years. Most of the known sources of GWs targeted by LIGO and Virgo will likely be luminous in the electromagnetic (EM) spectrum as well. Compact binary coalescences are thought to be progenitors of short gamma-ray bursts, while long gamma-ray bursts are likely to be associated with core collapse supernova. A joint detection of gravitational and EM radiation may help confirm these associations, and expand our understanding of those astrophysical systems. Due to the transient nature, a search for the EM counterparts to GW events should be done with the shortest latency. In this paper we describe the EM follow-up program of Advanced LIGO and Virgo, from the search for GWs to the production of sky maps. Furthermore, we quantify the expected sky localization errors in the first two years of operation of the advanced detectors network.
INTRODUCTION
The advanced version of the ground based gravitational wave observatories LIGO 1 will start collecting data in 2015, followed shortly after by Advanced Virgo.
2 Through a sequence of commissioning periods, they will reach their design sensitivity at the end of this decade, when they will probe a volume of the Universe a factor of 10 3 larger than the initial detectors. The Japanese detector KAGRA, 3 and LIGO-India 4 are also expected to join this global network in the early 2020s, further increasing the sensitivity, and dramatically improving sky localization of gravitational wave (GW) sources. Ground based detectors are thus expected to make the first direct detection of gravitational radiation, and start gravitational wave astronomy.
Beside the obvious interest that a direct GW detection deserves on its own, there is much interest in the possibility of joint electromagnetic -gravitational detections. In fact GW detectors target several classes of astrophysical sources, some of which are also expected to be luminous in the electromagnetic (EM) spectrum.
5-8
The most promising sources of GWs are compact binary systems (CBC) consisting of neutron stars and/or black holes, which are also the best theoretically understood. Loss of energy through gravitational wave emission makes the orbit to shrink (inspiral phase), until the two objects merge to form a single black hole. This releases the excess of energy "ringing-down" to equilibrium. The inspiral part can be described well using Post-Newtonian theory (see. 9 for a review), while effective one body (EOB) models 10 and Inspiral-Merger-Ringdown (IMR) phenomenological models 11 can describe the whole waveform. During the last few seconds to minutes of the CBC's life the GW signal they emit will be in the LIGO-Virgo frequency band.
Compact binaries containing at least one neutron star are believed to power short ( seconds) and beamed gamma-ray bursts (SGRBs).
12-14 A review of the possible counterparts to CBC mergers, together with an assessment of their detectability, can be found in. 15 Off-axis afterglows are also produced: X-ray and optical afterglows 16, 17 will peak hours to days after the merger, whereas radio afterglow emission 17 will last weeks to years. Optical afterglows will fade with a power law t −α with α between 1 and 1.5. One hour (day) after the SGRB trigger the apparent optical magnitude would be between 12 and 20 for CBCs at 200 Mpc (50 Mpc) . 18 Finally, CBC should be linked to isotropic kilonova emission, 19, 20 powered by the decay of heavy elements produced from the tidally ejected neutron-rich material, through r-process nucleosynthesis. Kilonavae signals will be dimmer, with peak luminosity, ∼ 1 day after merger, estimated at magnitude smaller than 20 for a source at 200Mpc, see e.g.
20, 21
Beside compact binaries, other astrophysical objects are expected to emit gravitational radiation. Corecollapse supernovae are likely to produce GWs measurable with LIGO and Virgo. 22 These sources are less well understood than CBCs, and so are the waveform they emit and the luminosity in the gravitational wave band. While it is believed that Advanced LIGO and Virgo will be sensitive to core-collapse supernovae from our galaxy, 22 whether signals from nearby galaxies are detectable depends on the mechanism that gives rise to the GW emission. Core-collapse supernovae are also expected to emit X-ray flashes, 23, 24 in some cases long gamma-ray bursts, 25 fading with a power law similar to SGRBs, and a copious amount of detectable neutrinos.
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Neutrinos can provide an independent and equally prompt trigger for such events, as they are monitored by the worldwide network of neutrino detectors. Other mechanisms have been proposed which could generate both gravitational and electromagnetic radiation, e.g. cosmic string cusps. [27] [28] [29] The LIGO and Virgo detectors will also search for unmodeled short-duration signals, potentially produced by unknown sources.
Due to the transient nature of most EM counterparts, one would like to reduce the latency to a minimum, and point telescopes as soon as possible after a GW candidate has been identified. EM facilities will have to image large sky areas (initially hundreds of square degrees) while searching for dim EM signals. Furthermore, tracking light curves may require several days or weeks of observations after the GW trigger. A successful EM follow-up program will thus require three main ingredients:
• Fast detection and validation of gravitational wave candidates;
• Production of sky maps;
• Alert sent to the EM community.
During the last joint science run of Initial LIGO and Virgo (2009-2010) , an end-to-end EM follow-up program has been put in place and tested successfully. Online GW searches were performed for both CBC and unmodeled bursts, and alerts to telescopes were sent out with a latency of ∼ 30 minutes. The EM follow-up program of Initial LIGO and Virgo and its results have been fully discussed elsewhere. [30] [31] [32] [33] The LIGO-Virgo Collaborations expect to hold a similar program in the advanced detector era and have recently released a memorandum of understanding (MOU) call for the joint GW-EM follow-up program. The MOU call was very well received, and several tens of EM facilities, covering the whole EM spectrum, have expressed their interest. More details about the MOU call can be found in. 34, 35 When first turned on, the Advanced detectors will have a sensitivity only slightly better than their initial counterparts. Design sensitivity will be achieved through a series of science (i.e. data collecting) and commissioning periods, which should happen in the the next 4-5 years. A tentative road-map, reflecting our best guess of the commissioning operations, assumes there will be 4 science periods before 2020, with increasingly improved sensitivity and longer duration: On Fig. 1 (from 36 ) we show the expected evolution of the detector sensitivity for LIGO (left panel) and Virgo (right panel) from 2015 to ∼2020, together with the BNS-optimized noise spectrum.
37 * This is the volume and orientation averaged distance at which a (1.4,1.4)M BNS would produces a singleinterferometer signal-to-noise ratio (SNR) of 8, usually considered the threshold for detection. Figure 1 . Expected evolution of the noise strain sensitivity for Advanced LIGO (left) and Virgo (right). Once design sensitivity is reached, the hardware configuration can be slightly modified to increase the BNS range (BNS-optimized curves)
In this paper we describe the EM program of LIGO and Virgo, identify and quantify the main sources of latency, and the way information will be transmitted to the partner telescopes. The rest of this paper is organized as follows: in section 2 we describe the low-latency search for GW transients in LIGO-Virgo data, the algorithms uses to quickly produce sky maps, and the way information about GW triggers will be communicated to EM facilities. In section 3 we review the expected progress of sky localization capabilities in the Advanced LIGO-Virgo era, focusing in particular on the first 2 years (2015-2016).
FROM TRIGGER GENERATION TO EM OBSERVATION
In this section we summarize the main steps from data taking to sky map generation and EM observations, and their expected latencies. This is also represented in the schematic flow chart in Fig. 2 .
Candidate Selection
The LIGO-Virgo Collaborations expects to run two online CBC searches, which will help cross checking for consistency: GSTLAL and MBTA.
The Multi-Band Template Analysis (MBTA) 38 pipeline has already been successfully used in the initial detector era to generate triggers for the EM follow-up program. [30] [31] [32] [33] MBTA is a matched filter algorithm 39 which uses a bank of templates (created before the analysis, and updated regularly) to search for potential CBC events in each interferometer's data. The search is done by filtering the data in the frequency domain, and using two frequency bands to reduce the sampling rate needed for the low-frequency part of the templates. Triggers for each instrument are clustered and used to search for coincidences across the network. Candidate events must have consistent arrival time in each detector and chirp mass † . GSTLAL 40 has been recently developed, and thus not used on previous science runs. It has been, however, extensively tested on simulated GW signals and in engineering runs. Unlike MBTA, GSTLAL filters the data directly in the time domain, using an orthogonal template bank and singular-value decomposition.
41, 42 GSTLAL can run with zero-latency and might even produce early warnings, i.e. potentially recognize the presence of a GW in the data before the actual coalescence 40 ‡ . Similar to MBTA, consistent timing and masses across the network are required to consider a trigger as a candidate event. † defined as M ≡ m 1/5 , m1 and m2 being the individual masses of the two compact objects. ‡ One may hope that early warnings might be used to point telescopes before the CBC coalesces. Unfortunately ref. 40 shows how this would typically result in prohibitively large sky maps. If the noise in the interferometers were Gaussian, the matched filter signal-to-noise ratio would be sufficient to assess the statistical significance of a candidate event and its false alarm rate (FAR). However non-Gaussian noise artifacts (glitches), which were present in the initial detectors, are likely to also affect the advanced detectors. To help discriminate between glitches and real GWs, candidate events will thus be required to pass a χ 243 test. The FAR of the surviving candidate events is then explicitly calculated. GSTLAL assigns a false alarm probability by using the SNR and χ 2 across the network, 44 while MBTA uses a Poisson point estimate.
45 Figure 2 . Schematic flowchart of the online analysis, from trigger generation to EM follow-up. We are assuming that the GW candidate was significant enough to require an EM follow-up. In the opposite case the blue dashed boxes would not be executed. The cumulative latency since data acquisition is given on the left of the plot. The LIGO-Virgo Collaborations is considering automatizing the validation of events, before the alert is sent. However this will probably not happen before the first few detections are made. We are thus considering manual validation in this flowchart.
CoherentWave Burst (cWB) 46 will be used to carry the online search for unmodeled short-lived GWs (bursts), while a second pipeline might be run to assure an appropriate cross checking. cWB performs a time-frequency analysis of the data in the wavelet domain, and has been used to carry burst searches in the initial detector era.
47, 48
Unlike the CBC algorithms discussed above, cWB implements a coherent search, i.e. it uses data from all the detectors from the start of the analysis, instead of first creating single-instrument triggers.
The FAR of cWB candidate events is calculated using the time-shift method.
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In this method, artificial time shifts, larger than the time of flight between detectors, are applied to the data of one or more detectors. The time-shifted data is reanalized, providing the background distribution of coincident triggers in absence of real GWs. The background is continuously evaluated, to monitor changes of behavior in the interferometers. The latency from data acquisition to candidates selection is 5 minutes for all of the above algorithms.
In the initial detector era there was an extra step involving human validation before significant events could be considered for EM follow-up. Scientists in the control rooms of LIGO and Virgo would check the quality of the data and the overall condition of the running instruments around the time of the trigger, both on the GW and the auxiliary channels. The latency introduced by the manual vetting was typically ∼ 10 − 20 minutes, and thus represented a significant fraction of the total latency. The LIGO-Virgo Collaborations is working toward providing data quality information in low-latency in the advanced detector era and fully automating the validation process. However it is likely this will not happen from the very beginning of the GW follow-up program.
Sky localization
Triggers surviving the final validation are assigned a unique ID and added, together with some relevant information (SNR, time, chirp mass for CBC events, data quality, etc.), to the gravitational-wave candidate event database (GraceDB), 49 a queryable web service that collects candidate GW events. Whenever a new event is added, GraceDB sends an alert (LVAlert 50 ) to LIGO-Virgo users (humans or robots) which are listening to a particular channel (e.g. CBC, unmodeled bursts, etc). In this subsection we will describe a specific class of listeners: programs that reconstruct the sky position of the candidate event.
The antenna pattern of an intereferometric gravitational wave detector is maximum directly overhead and underneath the plane spanned by the two arms, and smoothly decreases until it reaches the minimum in that plane. LIGO and Virgo are thus sensitive to all sky directions, with poor angular resolution. 39 At the lowest order, the sky position of a GW trigger can be calculated using time triangulation. 51 In this approximation, the timing error at each instrument is given by the simple expression σ t = (2πρσ f ) −1 , where ρ is the SNR of the template and σ f is the effective bandwidth of the detector. 51 Time triangulation has the advantage of being very fast, as it does not require much computation, and it was used to produce CBC sky maps for the EM follow-up program in the initial detector era. However, it only uses timing information, and one may expect that more reliable sky maps can be built by also taking into account the amplitude of the GW across the network.
BAYESTAR
52 is a recently developed algorithm that can estimate the position of CBC triggers, using timing, phase, and amplitude consistency, with only a short latency, typically 1 minute. In order to achieve such low latencies, BAYESTAR makes some simplifying assumptions about the signals. In particular, it assumes that the objects do not carry significant spins, which should be a good approximation for BNS. 53 It further assumes that the binary component masses have the values estimated by the detection pipeline, which results in a significant speed up § . The marginalized sky posterior is thus obtained by numerically integrating the full posterior distribution.
Skymaps of short GW bursts emitted by other kinds of astrophysical sources are generated using cWB, with typical latencies of 1 minute. cWB grids the sky and calculates a network likelihood statistic by combining data of all interferometers taking part in the analysis. The sky pixels are then ranked by decreasing likelihood, and normalized to yield a 2-D posterior distribution.
Both cWB and BAYESTAR will produce a FITS file with an ordered list of pixels and the resulting sky map, and update the GraceDB entry for the event.
EM Observation and updates to GraceDB
Once the sky map is available on GraceDB, a robot checks if the FAR is below the threshold LIGO and Virgo fixed to proceed with EM follow-up. For triggers which pass this criterion, an alert will be sent to the partner EM facilities. A VOEvent-formatted notice will be circulated through a private version of GCN, 54 also containing a link to a FITS file sky map. Each EM facility may decide to further downselect the events to follow, if the threshold FAR fixed by the LIGO-Virgo Collaborations resulted in impractically frequent observations. As detailed below, especially in the first few years the sky error regions associated with GW will be much larger than the field of view of most optical telescopes, typically spanning hundreds of square degrees. Furthermore, the expected luminosity of most EM counterparts spans several order of magnitude, in several EM bands. In facilitating the EM search, the LIGO-Virgo Collaborations might provide a platform for communication among all interested parties in the form of a Bulletin Board attached to the GW event database GraceDB. EM partners would thus be able to upload to the Bulletin Board the area that they surveyed and any relevant information about the observations.
Refined sky maps and subsequential updates
Together with the fast sky localization codes described above, LALInference, a Bayesian parameter estimation algorithm for CBC signals, will also be run. LALInference has been extensively used both on real 55 and simulated data. Unlike BAYESTAR, it does not assume that masses are known, and instead performs a full Markov Chain Monte Carlo exploration of the parameter space. Runs take ∼ hours to days to complete, depending on the complexity of the model (e.g. whether spins are taken into account or not). Together with a refined sky map, LALInference also provides estimates of all parameters on which CBC depends, e.g. luminosity distance, orbital inclination, spins (if considered). The updated version of the sky map will be uploaded to GraceDB once the full parameter estimation analysis is done. Given the longer latency, these sky maps may not be available for EM searches of the early afterglow emission, but can be used to help the search for kilonovae emission, and possibly re-evaluate the significance of EM counterparts found in the early stages of the follow-up.
Days or weeks after the event, the LIGO-Virgo Collaborations may perform an offline calibration of the instruments, and revise the calibration used in the online search. Even though calibration errors of the level encountered in the initial detector era should not significantly affect the sky localization of BNS, 56, 57 an updated version of the sky map which uses the new calibration may be uploaded to GraceDB.
EXPECTED SKY LOCALIZATION CAPABILITIES
The size and shape of typical sky maps will vary significantly over the next few years, depending on the number of detectors and their relative sensitivities, as well as the morphology of the GW signal.
As mentioned above, in ref. 36 we explored the plausible evolution of the GW network from 2015 to ∼2020, when both LIGO and Virgo should have reached their design sensitivities. Using time triangulation and the expected coalescence rates of compact binaries, 58 it also quantified the range of the network, gave ranges for the possible number of detections, and typical sky localization precision. We report Table 1 Table 1 . Summary of a plausible observing schedule, expected sensitivities, and source localization (size of the 90% confidence area) with the advanced LIGO and Virgo detectors, which will be strongly dependent on the detectors' commissioning progress. The burst ranges assume standard-candle emission of 10 −2 M c 2 in GWs at 150 Hz and scale as E 1/2 GW . The burst and BNS ranges and the BNS localization reflect the uncertainty in the detector noise spectra shown in Fig. 1 . The BNS detection numbers also account for the uncertainty in the BNS source rate density, 58 and are computed assuming a false alarm rate of 10 −2 yr −1 . Burst localizations are expected to be broadly similar to those for BNS systems, but will vary depending on the signal bandwidth. Localization and detection numbers assume an 80% duty cycle for each instrument. (From 36 )
From Table 1 it is clear that the fraction of well localized events will constantly increase in the next few years. Adding a LIGO detector in India will dramatically improve sky localization (several studies have assessed sky localization capabilities with future networks, both in the context of CBC and burst signals, e.g. [59] [60] [61] [62] ). For a 2 interferometer network, the time triangulation approach would lead to errors regions shaped as rings centered on the line which joins the two observatories, with corresponding error areas of hundreds to thousands of square degrees.
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More robust estimates of the typical errors for localizing BNS sources in 2015 and 2016 have been presented in 52 (see also the open data release 63 ). Starting from an astrophysically motivated population of BNS, 52 simulates all the steps that would be followed in real science run, which includes running detection pipelines, selecting candidate events, and building sky maps using both BAYESTAR and LALInference. The resulting picture is more optimistic than what would be obtained using time triangulation. Assuming a 3 month long 2015 run and selecting BNS with false alarm rate (FAR) < 10 −2 yr −1 and network SNR > 12, 52 shows how the searched area (i.e. the area of sky one would have to scan starting from the most likely position until the true position is found) is smaller than 500deg 2 for 87% of the signals, smaller than 100deg 2 for 45% of the signals, and smaller than 5deg
2 for 3% of the signals, using BAYESTAR. The full parameter estimation algorithm, LALInference, obtains respectively 89%, 54% and 4%, which shows how for the two detector network sky errors cannot be reduced much once time, amplitude and phase consistency have been taken into account.
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Typical 2015 sky error regions will consist of one or two separated islands of probability. While three modes are also possible, they will be encountered more rarely. Due to their positions and orientations, the two LIGO observatories will be most sensitive to GW sources above North America and the Indian Ocean. The sky maps of most detected events will consist of two modes, corresponding to these two regions. A typical sky map for the 2015 configuration is shown in Fig. 3 (from 52 ) The 2016 science run, with Virgo also online with limited sensitivity, will share some common features with the 2015 scenario. In fact, given the astrophysical distribution of the expected source distances, most events will be detected at low network SNR ¶ . Due to the initially large gap in sensitivity between LIGO and Virgo, this implies that the SNR in Virgo will be often below threshold, and not contribute much to sky localization. Virgo will instead help reducing the sky errors for the medium and high SNR events.
For the 2016 science run, 52 finds that the searched area is smaller than 500deg 2 for 82% of the signals, smaller than 100deg
2 for 45% of the signals, and smaller than 5deg 2 for 10% of the signals, using BAYESTAR. Using LALInference one would instead get respectively 92%, 70% and 20%. The increased fraction of well localized events is due to the fact that for the best events Virgo will play a significant role, partially or totally breaking down the 2-detector degeneracy. For those events the sky maps will show a single mode, roughly a few tens of square degrees.
We notice that while the performances of BAYESTAR and LALInference are quite similar in the 2015 runs, LALInference seems to do generally much better in the 2016 network configuration. As we mentioned already, Virgo won't typically contribute much to the network SNR in 2016. Those detections will thus be equivalent to a two detector analysis for BAYESTAR, as BAYESTAR does not use data from detectors whose SNR is below threshold. This explains why the 2015 and 2016 performances for BAYESTAR are very similar, except for the top ∼ 30% of signals (see also Table 1 of 52 ). On the other hand, LALInference uses all data, regardless of the SNR, and can break the two detector degeneracy, at least partially. This implies that a significantly better sky map may be available for most events in the 2016 network configuration in a timescale of hours. However, ongoing projects may significantly reduce the runtime of LALInference (e.g. 64, 65 ), and the low-latency analysis might make use of sub-threshold data. As stressed in, 52 it is thus possible that the extra latency needed to calculate better sky maps may be a limitation that can be overcome before the 2016 science run. A large-scale numerical study similar to 52 may be repeated to assess sky localization capabilities in later science runs, and to complement the time-triangulation estimates given in 36 and reported on Table 1 . ¶ This is defined as the squared sum of the single interferometer SNRs
CONCLUSIONS
The advanced version of the LIGO observatories is expected to start collecting data in 2015, while Virgo should come online in 2016. This network of GW detectors should deliver the first direct detection of GWs. Most GW sources, such as compact binary coalescences or core collapse supernovae, are also expected to emit in the electromagnetic band. The detection of an EM counterpart would have a huge impact on both gravitational and electromagnetic astrophysics. It will help confirming that compact binary coalescences are progenitors of short gamma-ray bursts, and core collapse supernovae are progenitors of long gamma-ray bursts. Simultaneous access to gravitational and electromagnetic data will deepen our understanding of the underlying astrophysical mechanisms, as they give complementary information: GW data will follow the motion of the mass in the source, whereas EM emission also probes the local environment. Finally, detecting an EM counterpart will increase the confidence in the GW detection. These prospects have raised interest and enthusiasm in the astrophysical community, and tens of facilities have expressed their interest in following-up GW triggers, and signed a memorandum of understanding with the LIGO-Virgo Collaborations. However, a successful EM follow-up program of GW transients will present major challenges.
Given the transient nature of most EM counterparts, GW events should be followed-up in the promptest way to increase the chances of success. GSTLAL, MBTA and cWB will search for transient GW signals in the LIGO-Virgo data, with latencies of ∼ 2 minutes from data acquisition to identification of GW candidates. Assigning a false alarm ratio and building a sky map will add ∼ 8 minutes to the latency. Human validation will be the largest source of latency, typically requiring ∼ 15 − 20 minutes, and may eventually be dropped in favor of a fully automated process. The LIGO-Virgo Collaborations will thus be able to send alerts to EM partners with latencies of 30 minutes or better.
Especially in the first few years of operation, LIGO and Virgo will not localize events on the sky with high precision. The relative orientation of the two LIGO detectors implies that typical sky maps in the 2015 science run (without Virgo) will consist of two elongated modes, ∼ 12 hours apart. ∼ 45% of the time the source will be found imaging 100deg 2 or less, while only 3% of the sources will be found imaging less than 5deg 2 . The presence of Virgo in 2016 run will increase the number of well localized events (∼ 10 − 20% found imaging 5deg 2 or less), while for typical low signal-to-noise ratio events the sky errors will still require imaging several tens to hundreds of square degrees. Although the luminosity of expected EM counterparts depends on several unknown factors (e.g. circumburst density, jet energy), it is believed that the flux will typically be faint for sources in the range of Advanced LIGO and Virgo. The EM facilities involved in the EM follow-up program will thus be faced with the task of search for dim signals in large areas.
The next few years will be an exciting and challenging time for gravitational and electromagnetic astrophysics. The large number of facilities that will follow-up LIGO-Virgo events significantly increases the odds that, with strategic and coordinate planning, EM counterparts successfully be identified.
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